Apoptosis is a genetically controlled process that is fundamental to the development and homeostasis of multicellular organisms. Aberrations in apoptosis signaling pathways result in a variety of pathological conditions and are common in cancer cells. Resistance to apoptosis is an important factor in tumor development, and the ability to inhibit programmed cell death may contribute to the emergence of aggressive and resistant phenotypes in human cancers (45) . Recently, several studies uncovered a role for apoptotic resistance in metastasis, the most threatening aspect of tumor progression. These findings link development of the metastatic phenotype to the acquisition of enhanced resistance to apoptosis (13, 28, 51) . Prolonged cell survival could be critical to metastasizing tumor cells at several steps in the process, such as when they are blood-borne or form a micrometastatic lesion (14) . Indeed, apoptosis-related proteins have been demonstrated to modulate the metastasis of tumor cells: abrogation of p53-mediated apoptosis facilitates experimental metastasis (32) , expression of the proapoptotic kinase death-associated protein (DAP) suppresses metastasis of two murine tumors (15) , while elevated expression of the anti-apoptotic gene bcl-2 leads to an increase in the metastatic potential of melanoma and gastric carcinoma (44, 53) . Expression of a recently identified member of the IAP (inhibitor of apoptosis) family, survivin (2) , is limited to cancer cells and correlates inversely with survival rates in colorectal cancer patients (18) . Thus, acquisition of apoptotic resistance might be an important and even necessary step during progression of tumors to a fully malignant metastatic phenotype.
We have previously described a new metastasis suppressor gene, CC3, whose expression is absent in highly metastatic lines of small cell lung carcinoma (SCLC). Introduction of CC3 expression into the SCLC line inhibits metastasis in vivo in SCID-hu mice (41) . CC3 also suppresses metastasis of murine melanoma B16 when delivered systemically in the form of liposome-DNA complexes (24) . CC3 encodes a protein whose sequence is highly conserved in evolution, with homologous genes being present in Caenorhabditis elegans, Saccharomyces cerevisiae, and even Escherichia coli. The mechanism of metastasis suppression by CC3 is not fully understood, but the proapoptotic properties of CC3 protein are likely to contribute to inhibition of metastasis. Expression of CC3 in SCLC cells increases the apoptotic responses of these cells to death signals such as growth factor withdrawal and chemotherapeutic drugs (41) . Loss of CC3 in highly metastatic cells might confer resistance to death-inducing signals and thus help to ensure their survival under the unfavorable conditions encountered in the metastatic process. CC3 exemplifies the molecular link between the metastatic character of SCLC cells and their ability to ignore apoptotic signals. In this paper we describe an alternatively spliced product of CC3 locus named TC3. TC3 encodes an unstable protein that shares its N-terminal domain with CC3 but has a short unique carboxyl terminus. TC3 interacts with a regulatory subunit of proteasome; this could be related to the rapid degradation of TC3. We show that CC3 is a potent inducer of death in rodent fibroblasts; proapoptotic activities of CC3 reside within the amino-terminal domain that it shares with TC3. Unexpectedly, the short C terminus of TC3 confers upon it antiapoptotic properties capable of inhibiting apoptosis induced by CC3 and other death stimuli.
MATERIALS AND METHODS
cDNA cloning. Cloning of CC3 and TC3 cDNA was performed with the Marathon-Ready cDNA from Clontech (Palo Alto, Calif.), using CC3 specific oligonucleotides and primer AP1 complementary to the adapter sequences at-tached to the ends of cDNAs. The CC3 antisense primer corresponded to positions 784 to 812 in the published sequence of CC3 RNA (41) ; the sense primer for amplification of 3Ј-end sequences was complementary to positions 90 to 116 of CC3 RNA. PCR products were cloned into TA cloning vector pCRII (InVitrogen, San Diego, Calif.).
Expression constructs. The mammalian expression vectors used were pcDNA3neo (InVitrogen) and pcDNApuro. The latter was constructed from pPUR (Promega) by inserting the cytomegalovirus promoter and polylinker of pcDNA3. cDNA inserts were epitope tagged when necessary and subcloned into pcDNA vectors by standard techniques. All constructs were verified by sequencing and analysis of protein translation in vitro or by Western blot analysis of transfected cells. The cDNA for the C. elegans homologue of CC3 was constructed from the genomic cosmid clone C33F10. The predicted CC3 homologue C33F10.3, containing one intron, was amplified from cosmid DNA, and intron sequences were removed by standard PCR techniques. Green fluorescent protein (GFP) fusion constructs were engineered in the vector pEGFP-N1 (GFP.CC3 and GFP.TC3-N) or pEGFP-C1 (GFP.TC3 and GFP.TC3-C) and verified by sequence analysis.
Transfection of cultured cells. For transient-transfection studies, subconfluent RAT1A and MCF7 cells were transfected in 12-or 6-well plates with 0.6 or 1.2 g of DNA by using Lipofectamine or Cellfectin (Gibco-BRL). Plasmid pCMV␤Gal DNA constituted 1/10 of the total DNA transfected; the amount of DNA per transfection was kept constant by adding required amount of pcDNA3neo. Cells were stained with 5-bromo-4-chloro-3-indolyl-␤-D-galactoside (X-Gal) as described previously (29) 24 h after transfection. HEK293 cells were transfected in 6-cm dishes with 6 g of DNA by using the CalPhos Maximizer kit (Clontech) and harvested for Western blot analysis 24 h later. Stably transfected N417 cell lines were generated by Lipofectamine transfection, selection in G418 (for pcDNA3neo), puromycin (for pcdnaPUR), or both for double transfectants, and single-cell cloning by limiting dilution.
Immunoblot analysis of total and fractionated lysates. Cell lysates were prepared in a lysis buffer containing 150 mM NaCl, 50 mM Tris (pH 7.5), 1% Triton X-100, and a protease inhibitor cocktail (Boehringer Mannheim). Lysates were normalized for protein content and analyzed by Western blotting with anti-HA antibody 12CA5, anti-Au1 antibody (Babco), anti-Bcl-2 monoclonal antibody (Boehringer Mannheim), or anti-CC3 polyclonal serum generated against the hexahistidine fusion of the purified amino-terminal domain of CC3. Bound antibodies were detected using with the enhanced chemiluminescence system (Amersham Life Sciences). For cell fractionation, cells were collected; washed twice in phosphate-buffered saline (PBS); resuspended in hypotonic buffer consisting of 10 mM Tris (pH 7.4), 10 mM MgCl 2 , and protease inhibitors; and incubated on ice for 10 min. The cells were homogenized with 30 to 40 strokes of a tightly fitting pestle in a Dounce glass homogenizer. After restoration of tonicity, the homogenate was centrifuged at 1,000 ϫ g for 5 min and nuclear pellets were extracted in lysis buffer. The supernatant was centrifuged at 14,000 ϫ g for 15 min to produce a pellet of the heavy membrane fraction; the supernatant was then centrifuged at 100,000 ϫ g for 1 h to separate a fraction enriched in light membranes from the S100 cytoplasmic fraction. For totalmembrane preparation, the intermediate centrifugation at 14,000 ϫ g was omitted. Equal amounts of protein were electrophoretically separated and analyzed by Western blotting.
Yeast two-hybrid screening. The "bait" construct was prepared by subcloning cDNA corresponding to the first 106 amino acids of CC3 into expression vector pAS2-1 (Clontech). Yeast strain GC1945 was transformed with the resulting construct, and expression of the fusion protein was verified by Western blot analysis with the GAL4 DNA binding domain antibody (Santa Cruz Biotechnology). Human liver cDNA library in pACTII was screened as specified by the manufacturer (Clontech). Yeast colonies growing on selective agar medium were screened for their ability to activate the lacZ promoter by a filter assay.
Analysis of protein interactions in 293 cells. 293 cells were cotransfected as described above, and 24 h later they were lysed in a buffer containing 150 mM NaCl, 50 mM Tris (pH 7.5), 5 mM EDTA, 1% Triton X-100, and protease inhibitor cocktail (Boehringer Mannheim). Lysates were subjected to immunoprecipitation with antibody to HA or Au1 (Babco) and washed four times in lysis buffer, and the immunocomplexes were analyzed by Western blotting. In some experiments, the cells were treated with 0.5 M proteasome inhibitor MG132 to increase the expression levels of proteins.
Flow cytometry. The DNA content of cells was quantified by propidium iodide staining of ethanol-fixed cells and flow cytometry on a FACscan apparatus (Beckton-Dickinson Immunocytometry) as described previously (7) . For analysis of DNA fragmentation in transfected cells by using GFP as a marker, cells were first fixed in 3% paraformaldehyde with 300 mM sucrose for 20 min, washed in PBS, and fixed in ethanol for DNA analysis (20) . CellQuest software was used to analyze the DNA content of transfected GFP-positive cells. The percentage of cells with disrupted ⌬⌿m was determined by staining live cells with 5,5Ј,6,6Ј-tetrachloro-1,1Ј,3,3Ј-tetraethylbenzimidazolcarbocyanine iodide (JC-1; Molecular Probes, Inc.) as described previously (6) Nucleotide sequence accession number. The TC3 sequence was deposited in the GenBank database under accession no. AF092095.
RESULTS

Identification of an alternatively spliced version of CC3.
Because the previously reported cDNA of CC3 was derived from a tumor cell line (41), we have cloned CC3 cDNAs from normal human placenta through a modification of the rapid amplification of cDNA end method. To clone the CC3 cDNAs extending in the 5Ј end direction, adapter-ligated cDNA was amplified with a CC3 antisense primer to a sequence at the 3Ј end of CC3 open reading frame and an adapter-specific primer. We found that the protein-coding region of CC3 cDNA clones from human placenta was identical to the previously reported one (41) . In the second cloning approach, we used a PCR primer corresponding to the sequence around the first methionine codon in CC3 RNA to identify all CC3 cDNAs extending in the 3Ј-end direction. Most of the clones obtained corresponded to the 1.6-kb RNA of CC3, but several were only about 700 bp long. Sequence analysis of these shorter cDNA clones showed their identity to CC3 in the 5Ј-end sequences coding for the first 101 amino acids followed by a different 3Ј end and a poly(A) tail. The open reading frame present in these cDNAs was 133 amino acids long, of which the carboxylterminal 32 amino acid residues were unique and highly hydrophobic (Fig. 1A) . This shorter form of RNA, designated TC3 (for truncated CC3), is most probably derived by alternative splicing. TC3 RNA of about 0.8 kb was detectable in some but not all human tumor cell lines by Northern blot analysis (Fig. 1B) . Analysis of RNA from a number of tumor cell lines by RNase protection with a TC3-specific probe demonstrated the presence of TC3 RNA in all lines expressing CC3 RNA, although TC3 RNA was present at lower levels (Fig. 1C) . Expression of TC3 RNA was also very low in most normal human tissues compared to the levels of CC3 RNA (results not shown).
We wished to study the apoptosis-related properties of both TC3 and CC3 in experiments with stably transfected cell lines. CC3 RNA and protein were stably expressed in several tumor cells lines (reference 41 and data not shown), but attempts to establish stable lines expressing transfected TC3 protein were unsuccessful. Transfection of TC3 or epitope-tagged TC3 expression constructs into human tumor cell lines of different origins resulted in selection of clonal populations with undetectable levels of TC3 protein, although exogenously introduced TC3 RNA could be easily detected (results not shown).
We have also analyzed a number of normal tissues and cultured cells for presence of TC3 protein by Western blotting with the polyclonal antiserum raised against the N-terminal polypeptide of CC3 and TC3. Although the endogenous CC3 protein was detected, no TC3 reactivity was seen (data not shown).
To address the potential reason for the observed lack of expression of TC3 protein, constructs expressing CC3 or TC3 identically tagged with three consecutive hemagglutinin (HA) epitopes at their amino termini were introduced into transformed human embryonic kidney 293 cells in a transient-transfection assay. Expression of tagged TC3 protein of the predicted size was detected, although at levels many times lower than in parallel cultures transfected with HA-tagged CC3 ( Fig.  2A ). The extremely low levels of TC3 protein were not due to its cytotoxicity, because introduction of TC3 had no effect on the viability of 293 cells within the duration of the assay (data not shown).
The low expression levels of TC3 protein in transfected cells could be due to rapid degradation of the newly translated TC3 protein. To address the possibility that TC3 protein is degraded by proteasome, TC3-transfected 293 cells were treated with the specific proteasome inhibitor lactacystin (8) or MG132 (39) . As shown in Fig. 2B , treatment with inhibitors increased the levels of TC3 protein in a dose-dependent manner. More slowly migrating bands, possibly corresponding to ubiquitinated forms of TC3, could be seen at the highest dose of inhibitors (Fig. 2B) . We conclude that TC3 is an unstable protein subject to rapid degradation by proteasome.
The C terminus of TC3 confers instability on a heterologous protein. To define the regions of TC3 protein that are responsible for its rapid degradation by proteasome, we have constructed fusion constructs of CC3 or TC3 with GFP. The open reading frame of GFP was fused with full length CC3 (GFP.CC3), TC3 (GFP.TC3), the N-terminal domain common to both CC3 and TC3 (GFP.TC3-N), and the C-terminal domain of TC3 (GFP.TC3-C). The resulting plasmids were transfected into 293 cells, and flow-cytometric analysis was performed 24 h later. As expected, the expression levels of GFP.TC3 as measured by FL1 fluorescence of live cells were dramatically lower than those of GFP alone and GFP.CC3 (Fig. 3) . The shared N-terminal domain of TC3 and CC3 had only a slight effect on the levels of expression of GFP, while the C terminus of TC3 reduced it to the levels seen with GFP.TC3 construct. Therefore, the C terminus of TC3 acts independently as a signal for rapid protein degradation. resulting construct lead to a retardation of the yeast growth rate (data not shown). Screening of a small number of transformants (2 ϫ 10 5 ) for histidine prototrophy produced only three colonies. All three were found to contain cDNA of the same gene with sequence identity to the human proteasomal regulatory subunit s5␣ (9) . The three clones contained inserts of 1.2 kbp corresponding to the full-length s5␣ cDNA with the exception of an internal in-frame deletion of sequence encoding 47 amino acids between positions 10 and 56 in the published sequence (9) . The interaction of this variant s5␣ (s5␣⌬) with the N-terminal region of CC3 was confirmed to be specific within the yeast two-hybrid system by examination of the induction of ␤-galactosidase activity. However, we could detect no interaction between s5␣⌬ and the full-length CC3 subcloned into yeast two-hybrid vectors (results not shown).
We tested the interaction of TC3 and s5␣⌬ in vivo. 293 cells were transiently transfected with amino-terminally HA-tagged TC3 or CC3 expression vectors and Au1 epitope-tagged s5␣⌬. We found that the levels of s5␣⌬ protein transiently expressed in 293 cells were very low (Fig. 4) but were substantially increased when proteasome activity is inhibited. Transfected cells were thus treated with a relatively low dose of the proteasomal inhibitor MG132 to stabilize both TC3 and s5␣⌬ proteins. Coimmunoprecipitation analysis revealed complex formation between TC3 and s5␣⌬ but not between CC3 and s5␣⌬ (Fig. 4) , confirming the results obtained in yeast protein interaction tests. To exclude the possibility that interaction of CC3 and s5␣⌬ could not be detected for technical reasons, we performed coimmunoprecipitation experiments with a CC3 construct where the HA tag was placed at the carboxyl terminus and also with the anti-CC3 polyclonal serum rather than anti-HA antibody. The negative results of these experiments further confirmed the lack of specific interaction between CC3 and s5␣⌬.
Higher-molecular-weight forms of TC3 protein were detected in complexes with s5␣⌬, indicating that both unmodified and ubiquitinated forms of TC3 are capable of binding to s5␣⌬. However, the levels of TC3 protein were not affected by coexpression of s5␣⌬ (Fig. 4) . The internal deletion in s5␣⌬ does not involve its polyubiquitin-binding domains (11, 54) but removes the region that was shown to be indispensable for the ultimate degradation of at least some ubiquitinated proteins in yeast (11) . We examined the interaction of TC3 and CC3 with full-length s5␣⌬ protein and the potential effect of fully functional s5␣ on TC3 protein levels. As shown in Fig. 4 , full-length s5␣ also interacted specifically with TC3 but not with CC3. Smaller amounts of TC3 protein were consistently expressed and coprecipitated with full-length s5␣ than with s5␣⌬ (Fig. 4) . Apparently, even under condition of partial inhibition of the proteolytic function of proteasome, introduction of s5␣ leads to increased degradation of TC3.
Subcellular localization of CC3 and TC3 proteins. The amino acid sequence of CC3 has no identifiable protein motifs that might provide a clue to its subcellular localization. We have examined localization of CC3 protein in the stably transfected SCLC line N417 (Fig. 5A ). CC3 protein was found predominantly in the membrane and nuclear fractions but not in the particulate free cytoplasmic fraction. Identical pattern of subcellular distribution of endogenous CC3 protein was found in HeLa cells (results not shown).
The subcellular distribution of TC3 protein was addressed in experiments with transiently transfected cells. We have found that most of the transiently expressed TC3 protein cofractionates with the membrane fraction and some cofractionates with the nuclear fraction of 293 cells (Fig. 5B) . We hypothesized that membrane localization of TC3 might be determined by its hydrophobic carboxyl terminus, which scores highly when analyzed for the likelihood of the presence of a transmembrane helix. In addition, the C-terminal amino acids of TC3 are CACCNA (Fig. 1A) , raising the possibility that one of the cysteine residues serves as a substrate for prenylation (56) and subsequently directs the protein to cellular membranes. To address the latter possibility, we treated 293 cells transiently expressing TC3 protein with the prenylation inhibitor lovostatin, but that treatment did not result in dislocation of TC3 protein from the membranes (data not shown). In addition, we did not detect incorporation of 3 H from radioactive mevalonolactone into TC3 protein, which also argued against the possibility of prenylation of TC3. Finally, all three cysteine residues in the carboxyl terminus of TC3 were changed to serines (TC3-C3S), but that did not result in dislocation of the protein from membranes (Fig. 5B ). Since these data indicated the lack of prenylation of TC3 protein, we examined the possibility that the hydrophobicity of the C-terminus of TC3 itself is responsible for its membrane localization. We have used a computer program predicting the likelihood of membrane localization (TMPred) to determine the hydrophobic residues within the TC3 C terminus that, when mutated, will greatly reduce the probability of membrane localization. Mutations of two leucine residues (positions 120 and 123) to arginine residues were introduced into TC3 expression vector (TC3-L2R) because they were predicted to abolish the overall hydrophobic character of the sequence and its potential to serve as a membranespanning domain. However, the subcellular localization of TC3-L2R was essentially unchanged compared to that of the TC3 protein, with only a very minor fraction of the mutated form found in the cytoplasmic fraction (Fig. 5B) . Surprisingly, there was an appreciable effect of mutations in the carboxyl terminus of TC3 on protein stability, which was more pronounced in TC3-L2R than the TC3-C3S mutant (Fig. 5C) . However, the levels of expression achieved by transfection of TC3-L2R were still much lower than those observed for identically epitope-tagged transfected CC3 construct (results not shown). These results indicate that the carboxyl-terminal sequences of TC3 protein are not responsible for the membrane localization of TC3 but contribute to its rapid degradation. The identities of the nuclear and membrane localization signals in CC3 and TC3 proteins remain to be determined, but they are likely to reside within the shared amino terminal.
Overexpression of CC3 kills cells, while TC3 has anti-death activity. Transient-expression assays (29) were used to evaluate the effect of CC3 and TC3 overexpression on the viability of RAT1a rodent fibroblasts. Short-term expression of CC3 in RAT1a cells induced the death of about 70% of the total transfected cells (Fig. 6A) . Dying cells exhibited a rounded condensed morphology and cytoplasmic blebbing and detached from the dish. Introduction of TC3 did not induce a loss of viability of transfected cells. Cotransfection of a twofold excess of Bcl-2 vector with CC3 suppressed most but not all deaths induced by CC3. However, cotransfection of a twofold excess of TC3 with CC3 completely inhibited death induction by CC3, indicating that TC3 actually has a death-protective function. By using a construct that encoded only the aminoterminal 94 amino acids of CC3 (CC3-K), we have localized the cytotoxic activity of CC3 to its amino-terminal sequences shared with TC3. Transfection of TC3-L2R expression vector induces the death of RAT1a cells with an efficiency similar to that for CC3, indicating that the death-protective function of TC3 resides in its unique C terminus. The TC3-C3S mutant construct also showed a similar death activity (data not shown). Mutations in the unique C terminus of TC3 sequence abolish its anti-death function and allow the expression of the deathpromoting activity of the shared N terminus. The cDNA of the conserved homologue of CC3 from C. elegans (CeCC3) was also tested in transient-transfection assays with RAT1a cells and was found to induce cell death, albeit with a frequency somewhat lower than that for CC3 (Fig. 6A) . Cotransfection of a twofold excess of Bcl-2 did not inhibit death induced by the C. elegans homologue of human CC3.
The death-inducing activity of CC3 and its inhibition by TC3 were also examined in transient-transfection experiments with the human breast carcinoma cell line MCF7.CC3 was significantly less potent in killing MCF7 cells than RAT1a cells (Fig.  6B) . Killing of MCF7 cells by CC3 differed from that of RAT1a cells in yet another way: it was more efficiently inhibited by Bcl-2 than by TC3 (Fig. 6B) . CeCC3-induced death of MCF7 cells could also be suppressed by Bcl-2, unlike CeCC3-induced death of RAT1a cells (Fig. 6) . Apparently, the death-inducing To examine if CC3-induced death is accompanied by DNA fragmentation, we performed experiments with RAT1a cells in which an excess of CC3 or TC3 expression constructs was cotransfected with an expression plasmid for GFP. Thus, transfected cells could be individually analyzed for DNA content by propidium iodide staining and flow cytometry (20) . By this method, the percentage of cells with reduced DNA content among the transfected population was estimated as 13% for control empty vector, 39% for CC3-transfected cells, and 12% for cells transfected with both CC3 and TC3 (data are the average of two experiments). Apparently, DNA fragmentation occurs in a significant proportion of RAT1a cells that are forced to overexpress CC3 protein. We conclude that CC3 is a potent inducer of apoptosis in RAT1a cells but less so in MCF7 cells and that CC3-induced death is inhibited by alternatively spliced version, TC3.
CC3-induced death is caspase dependent in tumor cells but not in nontransformed cells. We have examined if caspases play a role in CC3-induced death, by interfering with caspase activity in transiently transfected cells. Transfected cultures were treated with the specific peptide inhibitor of CPP32-like caspases zDEVD-fmk (31), with the broad-spectrum caspase inhibitor zVAD-fmk (57), or with the unrelated protease inhibitor zFA-fmk. The baculovirus protein caspase inhibitor p35 (10) was cotransfected at a twofold excess with CC3-expressing plasmid. None of the above caspase inhibitors had a discernible effect on the frequency of generation of apoptotic morphology among transfected RAT1a cells (Fig. 7A) . This indicates that death of RAT1a cells triggered by CC3 proceeds in spite of the inhibition of caspase function. However, death induced by CC3 in MCF7 cells was completely inhibited by p35 and zVAD-fmk and partially inhibited by zDEVD-fmk, while zFA-fmk had no protective effect (Fig. 7B) . Apparently, the death of tumor cells induced by overexpression of CC3 proceeds in a manner that could be defined as classical apoptosis in that it is caspase dependent. However, the CC3-induced death of RAT1 cells involves a caspase-independent pathway. TC3 provides partial protection from diverse death stimuli. We next examined if overexpression of TC3 is capable of protecting cells from apoptosis induced by agents other than CC3. RAT1a and MCF7 cells were transiently cotransfected with the expression construct for murine bax (33) and a fouror eightfold excess of TC3, Bcl-2, or empty vector. Again, differences emerged between responses of the RAT1a and the MCF7 cells. Although bax was similarly efficient in killing both cell types, RAT1a cells were better protected by TC3 then by Bcl-2, while MCF7 cells were more efficiently protected by Bcl-2 (Fig. 8A) .
The antiapoptotic properties of TC3 were further examined in MCF7 cells treated with tumor necrosis factor alpha (TNF- When transfected cells were treated with a combination of TNF-␣ and cycloheximide, expression of TC3 still offered protection against TNF-␣-induced apoptosis, and this protection was somewhat higher than that offered by Bcl-2 (Fig. 7C) . This indicates that the death-inhibitory function of TC3 is less dependent on de novo protein synthesis than is death inhibition by Bcl-2. We conclude that the antiapoptotic activity of TC3 protein is not limited to protection from CC3-induced death but is at least partially effective against other death stimuli.
The proapoptotic activity of CC3 is induced by a wide variety of signals. To study the proapoptotic properties of CC3 protein in a stable expression system, we used the previously described SCLC line N417 stably transfected with CC3. We examined if CC3-induced apoptotic responses are dependent on the nature of the signal used and if they are inhibitable by the antiapoptotic protein Bcl-2, whose expression is not detectable in N417 cells. Bcl-2 expression vector conferring puromycin resistance was introduced into a CC3-expressing clone of N417 cells, N417cc3.2 (41) , and into the control clone of N417 cells, N417neo. Examination of puromycin-resistant pooled transfected cells showed that N417cc3.2 cells expressed very high levels of Bcl-2 protein while N417neo cells contained much lower levels of Bcl-2 (Fig. 9A) . A number of single-cell clones were selected from both transfected populations and examined for levels of Bcl-2 protein expression. All N417cc3/ bcl-2 clones expressed relatively high levels of Bcl-2 protein, but N417 clones that expressed similarly high levels of Bcl-2 exhibited a pronounced growth retardation (unpublished observation), in agreement with previous reports on the growthinhibitory properties of Bcl-2 in tumor cell lines (5, 26, 35) . This negative effect on growth rate probably accounts for selection against high levels of Bcl-2 in pooled transfected N417neo cells. The N417cc3 cells, which are predisposed to apoptosis (41) , apparently tolerate well the high levels of the anti-apoptotic Bcl-2 protein. Clones with similar levels of Bcl-2 protein with or without CC3 protein were chosen for further analysis (see example of the clones in Fig. 9B ).
N417 clones were subjected to treatment with a variety of apoptotic inducers: the anticancer drug etoposide, gamma irradiation, the broad-spectrum protein kinase inhibitor staurosporine (STS) or the specific inhibitor of phosphatidylinositol 3-kinase (PI-3 kinase) LY294002. The last of these was chosen because N417 cells contain a constitutively active PI-3 kinase pathway (data not shown). The extent of apoptosis was measured by quantifying the proportion of cells undergoing DNA fragmentation (7) and (for etoposide and STS treatments) loss of mitochondrial membrane potential (⌬m) through opening of the permeability transition pore complex (55) . The latter was measured by uptake of the J-aggregate-forming cation JC-1 (6). Representative results on the extent of DNA fragmentation induced by irradiation and treatment with LY-94002 are shown in Fig. 10 ; data on treatment with etoposide and STS are summarized in Table 1 . Dissipation of ⌬m and DNA fragmentation in significant numbers of cells were observed specifically in N417cc3 clones. None of the treatments, with the exception of STS, induced substantial DNA fragmentation in N417neo. Bcl-2 inhibited DNA fragmentation induced by the presence of CC3 protein in N417 cells subjected to all apoptotic treatments, although inhibition was incomplete in the cells treated with the PI-3 kinase inhibitor (Fig. 10) . However, a lower concentration of LY294002 or shorter treatment times induced DNA fragmentation in CC3-expressing clones only (results not shown). A reduction in ⌬m following treatment was also observed in N417cc3 cells only and was largely suppressed by Bcl-2 (Table 1) . Similar results were obtained when changes in ⌬m were measured by examination of incorporation of a different cyanine dye, DiOC6(3). We conclude that CC3 induces the apoptosis of SCLC cells in response to a variety of different apoptotic signals and that CC3-mediated apoptotic responses are largely inhibitable by Bcl-2.
We have addressed the potential mechanism of induction of apoptosis by CC3 by examining several effectors and executors of the apoptotic response in N417 and N417cc3 cells. We have found that introduction of CC3 expression had no effect on the proapoptotic proteins Bax and Bad, caspase 3 or 9, or the cdk inhibitors p21WAF and p27KIP (data not shown). We have also examined if CC3 or TC3 expression have an effect on the levels of Bcl-2 and Bax proteins in a transient-cotransfection assay of 293 cells and found no changes in the expression levels of these proteins in presence of either CC3 or TC3 (data not shown).
DISCUSSION
In this paper we have described the alternatively spliced products CC3 and TC3, which have opposing effects on the induction of apoptosis. Transient expression of CC3 in nontransformed RAT1a fibroblasts causes the death of the majority of transfected cells. Attempts to achieve stable expression of CC3 in immortalized rodent fibroblasts resulted in reduced colony numbers after transfection and selection, and the surviving colonies had extremely low protein levels (data not shown). However, the death-inducing activity of CC3 is significantly attenuated in MCF7 tumor cells. CC3 protein can be stably expressed at significant levels in a variety of tumor cell lines derived from diverse tumors such as SCLC, breast cancer, colon cancer, neuroblastoma, and melanoma (unpublished data). As shown here for MCF7 cells (Fig. 6B ) and in unpub- The limited killing of MCF7 cells by overexpressed CC3 could be prevented by caspase inhibitors, indicating that activation of caspases is the critical event in the CC3-induced death of transformed cells. However, RAT1a cells die by a process that is caspase independent, although it shows other hallmarks of apoptosis such as cell shrinkage, membrane blebbing, and DNA fragmentation. Our unpublished results show that NIH 3T3 mouse fibroblasts are also killed by CC3 overexpression in a similar manner. The death pathway triggered by CC3 in RAT1a cells and leading to caspase-independent death is apparently not functional in MCF7 cells. The deathinducing activity of CC3 in nontransformed cells is similar to the death-inducing effects of overexpression of Bax protein (49) and of some other death signals and proteins (17, 22, 27, 30, 37, 46) .
The mechanism of CC3-induced or CC3-mediated apoptosis remains to be elucidated. We show here that introduction of CC3 protein expression into SCLC cells forces the expression of apoptotic responses, including a drop in ⌬m. Mitochondrial dysfunction is a feature of apoptosis induced by a variety of death signals in different cells and is likely to play a key role in the process of commitment to cell death that develops independently of caspase activation (19) . The absence of p53 protein in N417 cells (43) is probably significant for the lack of mitochondrial response, particularly in view of the data indicating a role for p53 in the formation of reactive oxygen species and induction of mitochondrial permeability transition (36) . Induction of apoptotic responses by CC3 in N417 cells apparently proceeds in a p53-independent manner. Because CC3 induces apoptosis irrespective of the nature of the signals used, it is likely to activate the cell death program at a point where different signal converge on common effectors or executors. At the same time, because CC3-mediated apoptotic responses are largely inhibitable by Bcl-2, the point of action of CC3 in death signal transduction is still upstream of Bcl-2. However, Bcl-2 protein is capable of intercepting and blocking death signal pathways at multiple junctures (38) , making it difficult to predict the mechanism by which it might prevent CC3-induced apoptosis.
CC3-mediated apoptosis of SCLC cells appears not to involve downstream effects on several known apoptotic regulators. One tangible clue to the mechanism of CC3-induced apoptosis comes from the recently published finding that CC3 has homology to the bacterial short-chain dehydrogenase/reductase family (3). This finding is reminiscent of the recently identified apoptosis-inducing factor (AIF), a flavoprotein with homology to bacterial oxidoreductases (42) . CC3 appears to be similar to AIF in more than one way: both have a higher degree of homology to prokaryotic rather than eukaryotic oxidoreductases, and both apparently can induce apoptosis in a caspase-independent manner (25, 42) . This indicates that CC3 might be a phylogenetically old caspase-independent effector of cell death, like AIF.
We have demonstrated that TC3 protein produced from alternatively spliced CC3 RNA has anti-apoptotic activity in transient-transfection assays. TC3 protects cells from apoptosis induced not only by CC3 but also partially by Bax and TNF-␣. This indicates that TC3 expression targets a common step that is shared in apoptotic processes induced by divergent death stimuli. Although TC3 RNA is detectable in many of cell lines and tissues examined, TC3 protein could not be detected after attempts to express it stably in a number of cell types. TC3 protein levels are tightly regulated by rapid degradation that involves proteasome. Two lines of evidence point to proteasome involvement in TC3 degradation: first, the levels of TC3 protein could be elevated by inhibiting the proteolytic activity of proteasome, and second, TC3 protein interacts with a regulatory subunit of proteasome s5␣ in vivo. Moreover, transient coexpression of TC3 and s5␣ results in reduction of TC3 levels. s5␣ is the only subunit of proteasome with the demonstrated ability to bind polyubiquitin chains (47) , although it is not essential for degradation of all polyubiquitinated substrates in vivo (11) . The N-terminal region absent in s5␣ cDNA cloned here is most critical for the function of s5␣ in proteasome (11) . In accordance with these data, cotransfection of the "deletion" variant s5␣ with TC3 did not affect TC3 levels in our experiments (data not shown). However, cotransfection of the fulllength s5␣ resulted in an increased degradation rate of TC3, even in the presence of partial inhibition of the proteasome proteolytic function. This indicated that TC3 protein levels in cells might be kept disappearingly low through its interaction with the full-length s5␣ and subsequent proteolysis by the catalytic 20S proteasome. CC3 protein does not interact with s5␣, and its levels are not tightly regulated by proteasome. It is plausible that the shared N terminus of CC3 is prevented from interaction with s5␣ either by an intermolecular interaction with the relatively long C terminus of CC3 or by binding of other proteins.
We have localized the signal that triggers the degradation of TC3 protein to its C-terminal domain. The sequence of this polypeptide is highly hydrophobic, and mutations in it result in increased stability of TC3. These data are reminiscent of the degradation signal Deg1 found in the S. cerevisiae mating locus transcription factor MAT␣2 (16) . A hydrophobic sequence within MAT␣2 that is critical for its rapid degradation was predicted to form and amphipathic helix. Helical-wheel analysis of the carboxyl terminus of TC3 predicts a possible ␣-helical segment (results not shown). In addition, a screen for random polypeptides that act as ubiquitination-dependent degradation signals in yeast produced a number of sequences that are highly hydrophobic (12, 21) and are rich in leucine and phenylalanine residues, similar to the TC3 carboxyl terminus. MAT␣2 protein is stabilized in diploid yeast by interaction with MATa1 protein, which masks the Deg1 signal. The degradation signal in the carboxyl terminus of TC3 could be masked by an unknown protein interaction under certain conditions or in certain tissues that have yet to be identified.
The death-inducing activity of CC3 is contained within its amino-terminal domain, which is common with the anti-apoptotic TC3 protein. The protective antiapoptotic effect of TC3 resides in the unique carboxyl terminus of this protein, because mutations in this region abolish the protective function of TC3 and convert it to a proapoptotic protein. It is unknown how that short sequence reverses the proapoptotic function of the shared amino-terminal domain. Preliminary results indicate that the C-terminal portion of TC3 linked to a heterologous protein (GFP) is not sufficient for suppression of cell death. Conceivably, specific interactions of TC3 with cellular proteins or its localization to cellular compartments rely on its carboxyl terminus, but the shared amino terminus is still necessary for antiapoptotic effects. Our results show that the subcellular localizations of CC3 and TC3 proteins are quite similar, at least as determined by crude fractionation. The bulk of both proteins is distributed between the nuclear and membrane fractions, although there are no discernible nuclear localization signals in the sequences of the two proteins. Considering the small size of the proteins (28 kDa for CC3 and 15 kDa for TC3), simple diffusion through nuclear pore could account for their nuclear localization. The membrane localization is likely to be determined by the shared amino-terminal domains of the two proteins, because abolishing the hydrophobic character of the C terminus of TC3 did not change its localization.
Recently CC3 was independently identified as a protein named TIP30, which is capable of binding to the human immunodeficiency virus type 1 Tat protein, by Xiao et al. (50) , who at the time were unaware of the identity of TIP30 to CC3. TIP30 apparently acts as a cofactor that enhances Tat-activated transcriptional elongation. The role of Tat in elongation is believed now to rely mainly on the ability of Tat to recruit two cellular Cdk-cyclin complexes that stimulate RNA polymerase II processivity (reviewed in reference 52). Thus, the significance of the physical interaction between Tat and CC3 remains to be explored, although it might indicate a potential role for CC3 in transcription through interaction with cellular transcription factors. Alternatively, this interaction might be relevant to the fact that Tat protein is capable of inducing apoptosis in certain cell types (23) .
Our results show that the CC3 genomic locus encodes two opposing functions that are active in the apoptotic pathway. The role of alternative splicing in generating cell death-related proteins with different specificities was shown for several genes including those encoding members of Bcl-2, caspase, and death receptor families (1, 4, 34, 40, 48) . Similar to CC3/TC3 locus, alternative splicing results in proteins with opposing functions in the case of Bcl-x (4), the caspase Ich-1 (48) , and the C. elegans protein ced-4 (40). CC3 and TC3 represent a novel dual regulator of cell death. The relative ratio between CC3 and TC3 proteins might influence the critical decision of a cell to live or die when faced with a death signal.
